A novel, receiving antenna-height-dependent path loss model under indoor stair environment is presented. The effect of a crossbeam in the stairs is also considered. The proposed model can be applied to describe both of the line-of-sight (LOS) and the non-LOS (NLOS) cases. By using least square criterion, the parameters of proposed model are extracted. Finally, using the maximum likelihood estimation, the precision of the proposed model is evaluated by the standard deviation of shadowing.
Introduction
With the maturing of the fourth generation (4G) cellular networks and the emerging concepts of the fifth generation (5G) communication system [1] , users are demanding access to the high-quality services anywhere and anytime [2] . In order to satisfy the increasing demands, especially for indoor application, the dense small cell deployment becomes a main direction for the traditional and next-generation communication systems [3, 4] . Therefore, site-specific propagation models for different indoor environments with the features of low power and short distance, for example, office rooms [5, 6] , corridors [7, 8] , and stairs [9, 10] , are needed to describe the channel characteristics more accurately. As a basic part of the indoor environments, stair environment plays an important role in our daily life. Moreover, stairs usually are located in the corner of buildings with inadequate wireless coverage. Detailed characterization of such an environment is, therefore, a major challenge for the successful design of the indoor coverage of future mobile communication systems.
Basic propagation mechanisms of the multifloor stairwell environment are analyzed by using ray-tracing method and then experimentally validated [9] . As the extension of the work in [9] , a path loss model of multifloor stairwell with different path loss exponents in each stair section is proposed [10] . However, the effects of antenna height and the propagation environment information are rarely referred to in these models. Due to the mobility of the mobile terminals in future communication systems, the antenna height often varies with a person's posture or the condition of the mobile device (e.g., standby and in use). Additionally, there are differences in the propagation environments of stairs, for example, the existence of the cross-beams in some stairs. Hence, a path loss model including the influence of antenna height and an additional dependency of special structure in the propagation environment can more effectively describe the channel properties under indoor stair environment.
In this paper, the parameters of the novel, antennaheight-dependent path loss model are fitted using line-ofsight (LOS) and non-LOS (NLOS) data, respectively. Then, the accuracy of the model is validated by the shadowing and the fitness of measured data.
Stair Structure and Measurement System
2.1. Stair Environments. As shown in Figure 1 , a typical stair environment is composed of the stair steps, railings, platforms, and so on. Additionally, some of the investigated stairs have cross-beams (the beam supporting a platform) and others do not have such beams (or the beams are very high).
In order to describe the proposed path loss model (in Section 3) more compactly, the following expressions are introduced. The part from the intermediate platform (platform1) to the floor platform (platform2) is called the first section (S1), and the one from the platform2 to the other intermediate platform (platform3) is denoted by the second section (S2). Four different stairs with similar structure, as in Figure 1 , are measured. The different structure parameters of them are shown in Table 1 . The OE, OW, T, and R represent the east stair of an office building (17th floor), the west stair of an office building (18th floor), the stair of a teaching building (1st floor), and the stair of a residential building (2nd floor), respectively. The symbols in Figure 1 and Table 1 are explained as follows. The transmitting (Tx) and receiving (Rx) antennas' heights are h t and h r . In S1/S2, the vertical distance between the cross-beam, Rx antenna, and the platform1/platform2 is denoted by h b and h 0 . L, W, and D are the length, width, and depth of a stair step, respectively. R b is the index of stair step under the beam, and the Rx antenna is on the Rth step. An example of R b and R is also given in Figure 1 .
Measurement System.
A frequency domain measurement scheme is used [11] ; the detailed description of the measurement system can be found in [12] . The main apparatus of the measurement system is an Agilent 8720ET vector network analyzer (VNA). During the measurement, the transmitting (Tx) antenna is fixed at about 2 m above the platform2; meanwhile, the receiving (Rx) antenna is installed on a wooden tripod, and its height varies from 1 m to 1.9 m with the increment of 0.1 m. The Rx antenna moves along the adjacent sections of the stairs step by step. Thus, according to Table 1 and the measurement scheme, the effective range of the Tx-Rx separation is about 1 m to 8 m. It is envisaged to be the typical applicable range of the indoor small cell deployment (femto cell) [4] . In order to collect more data, at each stair step, five different positions (grids) are measured. Both of Tx and Rx antennas are omnidirectional antennas with gains of 3 dBi and are connected to the two ports of the VNA via a 10 m and 2.5 m coaxial cable (the cable attenuation is 0.6 dB/m), respectively. The VNA sweeps from 2. interface. In order to eliminate the influence of the noise, 5 groups of frequency responses are measured at each stair step and Rx antenna height.
Antenna-Height-Dependent Path Loss Model
Conventionally, the path loss is modeled as a log-distance function with a log normally distributed shadowing [13] . To characterize the path loss under indoor stair environment more accurately, the receiving antenna height and detailed information about the stair (such as the beam) should be introduced into traditional path loss model.
Influence of the Cross-Beam.
The existence of cross-beam with low height in some stairs may cause the obstruction of the LOS path (direct path) between the Tx and Rx antennas. Such obstruction may lead to differences in the path loss model. Therefore, according to the height and position of Rx antenna and the cross-beam, all the measurement points can be categorized into LOS and NLOS ones, using (1) . As an example, in Figure 1 , the beam in S1 is high; therefore, there is no obstruction between Tx and Rx antennas; meanwhile, if the Rx antenna falls within the shadowing area (denoted by NLOS area in Figure 1 ), the LOS path will be blocked by the beam: Figure 2 shows the scatter plots and corresponding fit curves of the measured path loss. It is seen that a fixed difference exists between the LOS and NLOS fitted curves. Therefore, a constant can be defined to describe the influence International Journal of Antennas and Propagation 3 of the cross-beam. It is zero if the Rx antenna is located in LOS area and is a positive value for NLOS point as follows:
Expression of the Antenna Height Gain
Factor. In order to describe the influence of the antenna height on the path loss, an Rx antenna height gain factor (ℎ ) is introduced. By subtracting the reference path loss, the cross-beam attenuation, and the path loss caused by distance, the antenna gain factor, (ℎ ), is extracted. Using least square (LS) method, some functions are used to fit the measure data. As examples, the fitting mean square error (MSE) of the logarithmic function (ℎ ) = log 10 (ℎ / ), the power function (ℎ ) = ℎ , the exponential function (ℎ ) = exp ( ℎ ), and linear function (ℎ ) = ℎ + are 11.3, 13.6, 13.9, and 11.4, respectively. It is seen that the logarithmic function fits the measured data best. Therefore, the Rx antenna height gain factor is described using (3), which is similar to the antenna height gain factor of Okumura model [13] . However, the Okumura model is generally used for outdoor propagation prediction in urban area. Therefore, the parameters of Rx antenna height gain factors, and , should be recalculated under indoor propagation environment: Figure 3 plots the path loss gain versus Rx antenna height. The logarithmic function can be used to describe the effect of the Rx antenna height on the path loss. (ℎ ) is an increasing function for LOS data; meanwhile, it is a decreasing one for NLOS data. The causes for such variation trends are explained in Section 4.
Proposed Path Loss
Model. Based on the above analysis, the influence of the cross-beam and the antenna height should be considered, and a novelpath loss model under stair environment could be described as PL ( , ℎ ) = PL ( 0 ) + 10 log 10 (
where is the separation between Tx and Rx antennas, PL( , ℎ ) is the predicted path loss, is the path loss exponent, PL( 0 ) is the reference path loss calculated using the free space path loss formula (usually 0 = 1 m under indoor environment), is the cross-beam attenuation factor as (2), (ℎ ) is the Rx antenna gain factor described by (3), and is a normal random variable in dB with zero mean ( ) and standard deviation of dB.
Parameters Extraction and Validation
The variation caused by the stair structures will lead to different parameters in the path loss model, such as , , , and . However, the proposed model is a statistical model based on intensive measurements. In order to get a more general path loss model, all the measured data (divided into LOS and NLOS data) of different stairs are used to fit the model (4) . Four sets of extracted path loss data in the different floors of the office, teaching, and residential buildings are used, and the population of used data is 25250 (including 101 stair steps, 5 grids, 5 measured groups, and 10 antenna heights). The parameters , , , and are regressed using the least square (LS) method. The and are fitted by the maximum likelihood estimation (MLE). All the parameters of the proposed path loss model are summarized in Table 2 . Notably, although the parameters listed in Table 2 are related to specific building materials in which the measurements are carried out, the proposed model (4) can be applied to other stairs with similar structure. As shown in Figure 2 , the existence of the beam causes about 19 dB attenuation in path loss. This attenuation is large compared with overall path loss value. For comparison, the free space path loss is also plotted in Figure 2 . It is observed that the measured path loss deviates from the free space path loss curve, especially for the NLOS data.
In Figure 3 , it is seen that, in LOS area, the antenna height gain factor is a decreasing function of the Rx antenna height. This result is consistent with the results presented in [14] . However, the decrease becomes slower at higher antenna height. This can be explained as follows. The attenuation caused by the railings, walls, and steps is large at low antenna height. With the increase of the antenna height, the influence of the attenuation caused by these surroundings becomes smaller. Meanwhile, the attenuation caused by the ceiling becomes larger. Therefore, the antenna height gain factor represents such variation tendency. In NLOS area, the higher the antenna height is, the more the radiation pattern of the Tx and Rx antennas is obstructed by the beam, leading to the antenna height gain factor being an increasing function.
The shadowing represents that the measured path loss varies statistically around the path loss fit curve [15] . Figure 4 shows the empirical and fit cumulative distribution functions (CDFs) of the shadowing. The distributions of the shadowing in LOS and NLOS areas are almost the same (3.3 for LOS data, 3.5 for NLOS data). That means the correction factors ( and (ℎ )) in the proposed model can precisely characterize the overall path loss for both of LOS and NLOS points.
In order to validate the accuracy of the proposed path loss model, shadowing effect of the path loss is considered. The traditional log-distance path loss model only takes the TxRx distance into consideration, and not any of the physical features of the propagation environment is included. Due to the above reason, several measurements of the same Tx-Rx antennas separation will have widely varying path loss values. With more site-specific information being given, the value of standard deviation becomes lower. Therefore, the precision of a path loss model can be evaluated by the standard deviation of the shadowing effect [16] . For comparison, the parameters of the log-distance model are calculated using the measured data. The path loss exponent of log-distance model is 3.0. The CDFs of the shadowing are plotted in Figure 5 . The of the proposed model and log-distance model is 3.4 and 9.1, respectively. It is observed that the proposed model has a smaller compared with log-distance path loss model. This is because the model in (4) contains more site-specific information, that is, information about antenna height and the attenuation of the beam.
The measured path loss, the proposed model, and logdistance model surfaces are shown in Figure 6 . It is seen that the proposed model fits to the measured data well. Both of the reduction in standard deviation of the shadowing and the high degree of agreement with the measured data prove that the proposed model is accurate and effective.
Conclusion
The path loss model with receiving antenna height dependency under indoor stair environment is proposed based on intensive measurements. The parameters of the model are extracted using LS method and MLE. In the proposed model, the antenna height gain factor is a decreasing function in LOS condition and an increasing function in NLOS condition. It is also found that the beam can cause a large attenuation of the path loss. The stair structure under investigation is very common. Thus, the proposed model can be applied to predict the signal level of different steps and different antenna height with such stair structure and provides the criterion of cell planning of indoor environment. All: log-distance model Figure 6 : Scatter plots of measured data and corresponding fit surfaces of the proposed model and the log-distance model.
